Many promising MRI approaches for research or clinical management of multiple sclerosis (MS) have recently emerged, or are under development or refi nement. Advanced MRI methods need to be assessed to determine whether they allow earlier diagnosis or better identifi cation of phenotypes. Improved post-processing should allow more effi cient and complete extraction of information from images. Magnetic resonance spectroscopy should improve in sensitivity and specifi city with higher fi eld strengths and should enable the detection of a wider array of metabolites. Diff usion imaging is moving closer to the goal of defi ning structural connectivity and, thereby, determining the functional signifi cance of lesions at specifi c locations. Cell-specifi c imaging now seems feasible with new magnetic resonance contrast agents. The imaging of myelin water fraction brings the hope of providing a specifi c measure of myelin content. Ultra-high-fi eld MRI increases sensitivity, but also presents new technical challenges. Here, we review these recent developments in MRI for MS, and also look forward to refi nements in spinal-cord imaging, opticnerve imaging, perfusion MRI, and functional MRI. Advances in MRI should improve our ability to diagnose, monitor, and understand the pathophysiology of MS.
Introduction
MRI is playing an increasing role in the scientifi c investigation and clinical management of multiple sclerosis (MS). However, several limitations have emerged, such as the low sensitivity of conventional MRI to grey-matter involvement and to diff use damage in white matter. In addition, conventional MRI shows only limited associations with clinical status. As new uses for conventional MRI are developed and non-conventional MRI methods continue to advance, we are gaining insight into the full extent of tissue damage in patients with MS. However, there is a need to refi ne the techniques and clinically validate the available tools so that they can be properly applied. Our aim is to review the most promising MRI approaches in MS that have recently emerged or are currently under development. We will explain how these new techniques will fi ll voids in our current understanding of MS and improve our ability to diagnose, monitor, and defi ne the pathophysiology of the disease. The topics will include diagnosis and classifi cation of patients, new uses of conventionally obtained MRI data, proton magnetic resonance spectroscopy ( 1 H-MRS), magnetisation transfer imaging, diff usion imaging, functional MRI, optic-nerve imaging, spinal-cord imaging, myelin water fraction (MWF) imaging, perfusion MRI, and MRI at fi eld strengths higher than 1·5 T. The sections begin with a brief summary of the current status, followed by a discussion of unmet needs and the new techniques or approaches to address those needs.
Current status and the near future Diagnosis and classifi cation
The past few years have seen an unprecedented number of publications that have addressed diagnostic criteria in MS, mainly as a consequence of the increased use of MRI, and the acceptance that MRI can provide evidence for dissemination in both space and time, 1 in addition to its established role in the exclusion of conditions that are clinically similar to MS. 2 With the advent of MRI, researchers have cautiously ensured that diagnostic criteria have a high specifi city, often at the expense of sensitivity. 3 The key change in recent years has been towards simplifying diagnostic criteria so that they become easier to use with increased levels of sensitivity while maintaining their specifi city. 4, 5 Thus, the 2005 modifi ed McDonald criteria 1 have a simpler approach to dissemination in time, and more recently, a further simplifi cation has been proposed in terms of dissemination in time and space. 6, 7 These more recent criteria have been found to be slightly more sensitive than the original 2001 McDonald criteria 3 and the 2005 revised criteria, 1 while maintaining high specifi city. 6, 7 Thus, these criteria might allow a reliable diagnosis of MS to be made during the year after onset of a typical clinically isolated syndrome suggestive of MS. The main advantage of the newest criteria is that they do not require the use of contrast agents, thus saving both time and expense. 6 The disadvantage is the slight loss of diff erential diagnostic information, and consequently they should be used with caution in older patients.
The challenges to be addressed include the provision of better evidence for determining the precise role of lesions seen on conventional MRI of the spinal cord and assessment of the value of these diagnostic criteria in prospective studies in non-specialist centres. Further contributions from MRI might come from the ability to measure the degree of tissue damage, including diff use changes in the normal-appearing white matter, and the potential for the greater sensitivity of higher fi eld systems to more subtle abnormalities. 8 We also need to know whether advanced MRI methods will provide a better assessment of the risk of conversion from a clinically isolated syndrome to MS than can be obtained with conventional imaging approaches.
In patients with established MS, classifi cation made on the basis of the magnetic resonance patterns of CNS involvement is diffi cult, and the diff erentiation between a clinically isolated syndrome, relapsing-remitting MS Review (RRMS), and secondary progressive MS is seen as little more than a gradual increase in lesion load, reduction in brain volume, and an increase in diff use change in normal-appearing brain tissue. There is general agreement that patients with primary progressive MS have fewer lesions in the cerebrum and perhaps less enhancement in the CNS, 9 although this is a relative rather than an absolute diff erence. As magnetic resonance techniques become more pathologically specifi c, there could be the potential to explore the pathological classifi cation proposed by Lassmann and colleagues. 10 Although MRI techniques are unlikely to advance in the foreseeable future to allow accurate and direct biological classifi cation of MS, MRI provides various approaches to phenotype patients with MS for correlation with these biological classifi cations.
New uses of conventional MRI data

Lesion-based measures
Conventional MRI assessment of lesions on non-contrast T1-weighted and T2-weighted images, and on gadoliniumenhanced T1-weighted images, provides an important tool to monitor the disease course. 11 However, the limitations of conventional MRI include the weak associations with clinical status and the lack of sensitivity to other clinically relevant fi ndings, such as grey-matter disease and diff use damage throughout the white matter. 12, 13 New approaches have emerged in the areas of data management and post-processing. One approach involves the serial analysis of images to study dynamic pixel-wise signal changes related to lesion evolution.
14 Through this approach, changes in the progression pattern within individual lesions might indicate an overarching shift of the patient's disease from more infl ammatory to more degenerative pathological processes, possibly heralding the advent of atrophy and clinical disability.
14 Another related approach, known as subtraction imaging, displays changes over time between two scans in a single map. 15 This provides increased sensitivity to lesion evolution compared with qualitative analysis (fi gure 1). Finally, lesion-based measures can be combined with advanced MRI measures of tissue integrity, such as 1 H-MRS, diff usion imaging, and magnetisation transfer imaging, using voxel-wise probability maps and spatial distribution approaches. These advanced MRI techniques are discussed in more detail below.
Atrophy-based measures
Over the past few years, we have witnessed a rapidly growing interest in the measurement of CNS atrophy in MS. Developments have been fuelled by the use of MRI techniques to determine the topography and rate of atrophy, with the possibility of visualising this process with sub-voxel accuracy (fi gure 2). 16 By use of MRI-based approaches, cerebral volume changes can be measured within a relatively short period of time, which correlate well with cognitive impairment. 17 An intriguing development is the exploration of associations between regional patterns of atrophy and specifi c functional impairment using voxel-based morphometry. 18, 19 To move beyond simple volumes of damaged tissue, we need to understand, for instance, the relations between regional atrophy and white-matter tract damage, and their clinical impact. If detailed mapping of the white-matter architecture is possible from diff usion tensor MRI, 20 then it should be feasible to integrate quantitative measures of tissue damage along tracts of known functional signifi cance to form a more clinically relevant assessment of the burden of disease.
The topographic distribution of brain volume loss has emerged as a key challenge to be addressed. Tissue loss seems to aff ect grey matter more than white matter in patients with MS; furthermore, among grey-matter structures, the basal ganglia and thalamus are most susceptible to atrophy. 16 The best methods for the segmentation and characterisation of grey-matter atrophy remain to be determined. One of the pitfalls is the misclassifi cation of white-matter lesions as grey matter, which requires manual correction. Another variable is the range of methods available to determine regional grey-matter atrophy, such as fully automated (eg, voxelbased morphometry) 18, 19 and semi-automated (atlas-based) segmentation. 21, 22 Clinical trials are now incorporating cerebral volume measurement to determine the effi cacy of experimental treatments. 16, 23 However, although cerebral volume changes are thought to indicate cerebral atrophy, confounding factors include the eff ects of osmotic agents (eg, alcohol) and modifi ers of the natural ageing process, such as APOE status. 16 Recent treatment trials have shown a decrease in cerebral volume after the initiation of immunomodulatory treatment with corticosteroids, natalizumab, interferon beta, or immunoablation followed by stem-cell transplantation. 16, [23] [24] [25] Such short-term changes might be driven in part by osmotic and anti-infl ammatory eff ects, referred to as pseudo-atrophy. More work is required to help separate true atrophy from pseudoatrophy, perhaps with the use of advanced magnetic resonance sequences that can distinguish axonal loss from transient changes in water content.
A more fundamental question is, "what drives cerebral atrophy?". 26 The number and volume of focal lesions visible on T2-weighted scans bear some relation to the degree of atrophy, but more importantly, cerebral volume loss seems to be driven by changes occurring in normalappearing white matter and grey matter. 27, 28 More work is needed to understand the interrelation between demyelination, neuronal or axonal loss, neurodegeneration, and cerebral volume (changes) before we can reliably use this MRI measure to make management or treatment decisions.
New contrast agents
On conventional MRI scans, the enhancement of lesions by gadolinium injection indicates the accumulation of the contrast agent in the interstitial space due to increased blood-brain barrier permeability. Currently, there is a major eff ort to fi nd biological markers of MS, especially cell subsets and molecules that are important to the pathophysiology of MS. New MRI contrast agents composed of iron particles, ultrasmall particles of iron oxide, or super-paramagnetic iron particles of oxide have been used in patients with MS to track macrophages (fi gure 3). 29, 30 Two MRI studies of patients with RRMS that used ultra-small particles of iron oxide and gadolinium have confi rmed a mismatch of enhancement, indicating heterogeneity of the underlying pathology.
29,30
The complementary information provided by tracking macrophages with iron particles might play a unique part in the monitoring of the effi cacy of drugs targeting the cellular components of infl ammation.
Other makers of infl ammation or neuronal dysfunction might be targeted by new contrast agents. 31 Myeloperoxidase activity in infl amed tissues can be detected and labelled in vivo by a myeloperoxidasesensitive "smart" molecular imaging probe. 32 Another novel gadolinium-based MRI contrast agent, Gadofl uorine M, selectively accumulates in nerve fi bres undergoing Wallerian degeneration and appears bright on T1-weighted images. 33 These new contrast agents need proper validation and safety assessment before their role in disease monitoring can be determined.
Non-conventional MRI
H-MRS
1 H-MRS can be used to measure metabolites such as N-acetyl-aspartate. A decrease in N-acetyl-aspartate is associated with axonal/neuronal damage or dysfunction. Choline-containing compounds are often increased during myelin breakdown, remyelination, and infl ammation. Creatine concentration increases with cell density. Mainly found in glial cells, increased myoinositol is suggestive of glial proliferation and astrogliosis. Amino acids acting as neurotransmitters, such as glutamate, glutamine, and GABA (γ-aminobutyric acid), can also be measured.
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Figure 3: Mismatch between gadolinium and ultra-small particles of iron oxide (USPIO) contrast agents in an acute lesion in a patient with MS
The lesion is hyperintense on the spin-echo T2-weighted image (A), but does not enhance with gadolinium on the T1-weighted image (B). On the post-USPIO T2-weighted image (C), the USPIO enhancement leads to a decrease in signal intensity (T2 shortening) due to iron. However, the lesion is enhanced after administration of USPIO on the T1-weighted image (D). Reproduced with permission from the American Society of Neuroradiology. 29 
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In active enhancing MS lesions, increases in creatine, choline, myoinositol, and glutamate are seen, whereas N-acetyl-aspartate might be low or only slightly decreased. In normal-appearing white matter, a similar pattern of abnormal metabolites can be detected. In typical chronic non-enhancing lesions, N-acetyl-aspartate is greatly reduced, myoinositol is increased, and glutamate concentrations are normal. 34, 35 Current opportunities for advances in 1 H-MRS include the following: (1) short echo-time spectroscopy, which should allow the detection of more metabolites; (2) fi eld strengths higher than 1·5 T to increase the resolution and signal-to-noise ratio; (3) improvement in absolute metabolite quantifi cation methods to avoid the confounding eff ects of ratio analysis; and (4) standardisation of acquisition, calibration, reconstruction, and quantifi cation methods across diff erent scanner types for multicentre clinical trials. 36 Additional metabolites relevant to MS are under active investigation, such as glutathione, GABA, ascorbic acid (vitamin C), as well as the macromolecular (background) signal. Such macromolecules, which can be better appreciated with the use of inversion recovery sequences, 37 include valine, alanine, leucine, isoleucine, and threonine, which together account for up to 60% of myelin content. The quantifi cation of such a broad neurochemical profi le in vivo by use of a single method should provide insights into the roles of neurodegeneration, tissue repair, antioxidant therapy, and oxidative stress in MS. Hyperpolarised 13 C-MRS, which can enhance the magnetic resonance signal by up to 100 000 times, is also under development for studying metabolism. 38 
Magnetisation transfer MRI
Magnetisation transfer MRI measures the interactions between protons in free fl uids and protons bound to macromolecules by use of the magnetisation transfer ratio (MTR), whereby a low MTR is an indicator of damage to myelin and axonal membranes. 39 Post-mortem studies have shown unambiguously that MTR is strongly associated with the percentage of residual axons and the degree of demyelination in T2-visible lesions and normalappearing brain tissues of patients with MS. 40, 41 Various degrees of MTR reduction have been shown in acute and chronic MS lesions. 42 These changes are more pronounced in lesions that appear as hypointense on T1-weighted images, and can precede T2-visible lesion formation. 42 Decreased MTR has also been detected in the normalappearing white matter and grey matter of patients with MS, 43, 44 and these abnormalities are more pronounced in patients with the progressive forms of MS and tend to worsen over time. 42 Although signifi cant eff orts have been made to standardise magnetisation transfer data acquisition across diff erent scanners, 45 magnetisation transfer MRI has been used in only a few trials and in selected groups of patients. 42 Preliminary studies have shown that magnetisation transfer MRI has prognostic value for subsequent disease evolution, 42 and thus shows promise as an adjunctive paraclinical tool in large-scale longitudinal studies.
Several voxel-based approaches have been developed that allow the anatomical location of MTR decreases to be assessed. More recently, these approaches have also been applied to the tracking of demyelination and remyelination in individual MS lesions, 46 and now need to be applied in cross-sectional and longitudinal studies in patients with heterogeneous clinical characteristics to improve our understanding of the changes that underlie the accumulation of irreversible disability. Atlas-based approaches have also been used in longitudinal studies to monitor the evolution of MTR changes within T2-visible lesions. 47 This should allow lesions to be classifi ed chronologically by generating maps of new, stable, and resolved lesions, thus potentially improving correlations with clinical manifestations of the disease and allowing the monitoring of the eff ect of treatment on myelin repair and neuroprotection. To overcome some of the limitations of simple MTR measurements, which are pulse sequence and hardware dependent, a more complete characterisation of the magnetisation transfer phenomenon has been proposed, which can be done by acquiring a larger dataset and extracting data related to the magnetic resonance properties of the protons and their local chemical environment. The method has been termed "quantitative magnetisation transfer imaging", 48, 49 and has been applied in a few preliminary studies in patients with MS.
49-51
Diff usion MRI
Diff usion weighting sensitises MRI scans to the microscopic Brownian motion of water molecules. This motion is hindered by cellular structures, such as cell membranes and axonal cytoskeletons. Abnormalities in diff usivity patterns have been seen in both focal MS lesions and in normal-appearing white matter. By applying diff usion-weighting magnetic fi eld gradients in many directions, one can infer the orientation of the axons, and reconstruct the pathways of the major whitematter bundles by diff usion tensor MRI and so-called fi bre tracking. 52, 53 Tracking through MS lesions is diffi cult because of tissue disruption (fi gure 4), but atlas-based approaches could overcome this problem. 54 Grey-matter-to-greymatter connections have direct functional signifi cance, and white matter provides the wiring. However, we are still some way from determining connectivity, 55 a term that is sometimes loosely used to mean the degree of confi dence with which two regions of grey matter are said to be linked. Following the tracts in the subcortical region is diffi cult because of the complex connections; signifi cant improvements in image resolution that are realised at much higher fi eld strengths should help, particularly in resolving subcortical connections, an area that has been neglected in MRI assessments of MS. There is also scope for integrating measures of connectivity with functional MRI (fMRI) and magnetoencephalography data to better understand how diff erent pathological changes within MS lesions can aff ect nerve transmission rates, functional reserve, and brain plasticity. 56 Examining connectivity could also lead to a new type of image segmentation based on functional signifi cance rather than on tissue type and signal intensity, thus improving our understanding of the pathology and reorganisation that underpin clinical defi cits.
Several groups are working on the direct MRI detection of neuronal activation, either by diff usion-weighted imaging, or by the eff ect that neuronal currents have on the local externally applied magnetic fi eld (B 0 ) or on the force on the neuron. 57, 58 This research could provide fascinating insights into neuronal health, the time course of infl ammation, demyelination and remyelination, and the impact that these have on cognitive and motor function. fMRI fMRI depends on the blood-oxygenation-level-dependent (BOLD) contrast mechanism, which is secondary to diff erences in deoxyhaemoglobin concentration in the blood in activated areas as a consequence of variations in neuronal activity. 59 fMRI investigations of the visual, cognitive, and motor networks in patients with MS have shown an altered recruitment of regions normally devoted to the performance of a given task and/or the recruitment of additional areas in comparison to healthy individuals. 60 The correlations found between measures of abnormal activation and MRI measures of structural damage suggest that brain plasticity might help to limit the clinical consequences of widespread tissue damage. These functional cortical changes vary across patients at diff erent stages of the disease, after an acute relapse, and in clinically stable patients. 60, 61 An abnormal pattern of brain activation has also been related to fatigue. 60 Several studies have attempted to develop sophisticated statistical approaches to establish strength of activation and synchrony between specifi c brain areas by analysis of functional and eff ective connectivity. 62 The optimisation of analysis methods, as well as the comparison of models of activation between patients with MS and controls, might help to explain abnormalities of function of specifi c brain networks and their relation to clinical symptoms. The combination of measures of functional connectivity with measures of structural damage within specifi c white-matter fi bre bundles is likely to improve our understanding of the relation between structural and functional abnormalities, as suggested by two studies in patients with RRMS and benign MS (fi gure 5). 63, 64 The Review role of longitudinal and multi-site fMRI studies in MS has yet to be fully explored. Previous fi ndings support the use of fMRI in large-scale longitudinal trials to monitor the eff ect of motor and cognitive rehabilitation or pharmacological therapies on the enhancement of any benefi cial eff ect of cortical adaptive plasticity. 60, 65 Other aspects that should be considered are the development of fMRI paradigms unbiased by diff erences in task performance between patients with MS and controls, which could make the assessment of more disabled patients feasible, and the development of acquisition protocols specifi cally tailored to the imaging of function and structure of relatively small regions, now that highfi eld scanners are increasingly available to provide improved spatial resolution.
Beyond brain imaging
Optic-nerve imaging
Imaging of the optic nerves is challenging because they are so small and prone to motion artefacts. Structural diff erentiation from surrounding tissues and magnetic susceptibility eff ects are problematic. However, optic neuritis is an excellent model with which to study the pathophysiology of damage and repair in MS.
Optic-nerve cross-sectional area and lesion length can be accurately quantifi ed, allowing clinical and electrophysiological correlations, and have linked acute infl ammation to conduction block in optic neuritis. 66 More recently, dynamic MTR changes have indicated myelin damage and repair, 67 and diff usion tensor MRI has shown reduced structural integrity of the nerves 68 due to axonal degeneration and demyelination. Finally, the new technique of optical coherence tomography shows promise as a non-invasive surrogate marker of axonal loss. 69 Important questions remain to be addressed about the pathophysiology of optic neuritis and the role of imaging in longitudinal monitoring. The relative contributions of infl ammation, oedema, gliosis, and myelin and axonal changes to the processes of damage and repair in optic neuritis are incompletely understood. 1 H-MRS has the potential to show the time course of infl ammatory changes, gliosis, and axonal loss. Diff usion tensor imaging and magnetisation transfer imaging have the potential to show axonal integrity and myelin content of the optic nerve, but there are still technical barriers to be overcome. In addition, correlations between MRI and histology are needed to identify how directly each MRI measure relates to a specifi c tissue change.
Spinal-cord imaging
In patients with clinically isolated syndrome, the value of conventional MRI of the spinal cord in showing lesion dissemination in space and its contribution to excluding other conditions that can mimic MS have been formally recognised in internationally accepted diagnostic criteria. 1 Conventional MRI sequences sensitive to MSrelated damage have been developed and applied in patients with diff erent disease phenotypes. 70 However, technical developments have mainly been focused on imaging of the cervical portion of the cord, and more eff ort should be devoted to improving MRI of the entire cord.
The development of sophisticated magnetic resonance receiver coils and fast imaging techniques has led to more reliable imaging of the spinal cord, including the use of quantitative techniques. Reduced MTR and abnormal diff usion tensor MRI metrics have been shown in the cervical cord of patients with MS, and the abnormalities are more pronounced in patients with progressive disease phenotypes. 71 However, the prognostic value of magnetisation transfer and diff usion tensor MRI measures in longitudinal studies with long follow-up periods remains to be established. Recent developments, including quantitative magnetisation transfer and diff usion tractography, as well as other methods that are widely used for imaging brain damage in these patients, such as 1 H-MRS and fMRI, have been applied in preliminary studies of the cervical cord in small groups of patients. [72] [73] [74] Reduced N-acetyl-aspartate, lower structural connectivity, and lower diff usion anisotropy in the spinal cords of patients with a cervical cord relapse have been shown when compared with controls. These measures were found to correlate with disability. 74 This suggests that the assessment of regional damage in the cervical cord can be used to clarify which factors are associated with the development of disability in these patients, as has been shown by a recent magnetisation transfer MRI study of damage to the cord grey matter, which reported a correlation between cervical cord greymatter MTR and the degree of disability in patients with RRMS.
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The more distant future Myelin imaging MWF, derived from precise measurements of transverse relaxation time, shows specifi city for myelin content and integrity. Studies have demonstrated multi-component T2 relaxation in biological tissue and have shown it to be due to compartmentation. 76 The water signal can be separated into three components: (1) a long T2 component (>1·5 s) due to CSF; (2) an intermediate component (about 100 ms) arising from intracellular and extracellular water; and (3) a short T2 component (20-50 ms) due to water enclosed between the myelin bilayers. 77 The sum of the three T2 components is the total MRI-visible water content. The ratio of the myelin water (short T2) to the total signal gives the MWF. Moore and colleagues 78 showed that MWF relates closely to the distribution of brain myelin and noticed the diminution of the short T2 component in chronic MS plaques in a formalin-fi xed MS brain.
Brain studies in vivo have shown that a large MWF is seen in white matter, whereas a very small fraction can be detected in grey matter. A 30-50% decrease in MWF is seen in MS lesions and a 7-15% decrease is seen in normal-appearing white matter in MS. 79, 80 MWF imaging in supratentorial normal-appearing white matter regions was sensitive enough to detect changes in patients within 5 years of disease onset. The reduction of the MWF in normal-appearing white matter in MS is dominated by the loss of myelin integrity rather than increased oedema or infl ammation. 80 However, MWF imaging remains a challenging technique. T2 decay has traditionally been measured using a multi-echo readout, such as a single-slice 32-echo-spin-echo sequence. Long scan times and limited brain coverage make this approach less practical clinically. Recently, two-dimensional multi-slice non-linearly spaced 12-echo datasets provided MWF estimates in white and grey matter of a quality similar to those from 32-echo datasets. 81 Use of phased array coils gives more uniform and smoother MWF maps than those from standard head coils, especially at 3 T. The development of threedimensional volumetric acquisition is actively being researched, which would allow whole brain coverage. Despite the longer acquisition time, additional longer echo times (over 1 s) with an echo train of up to 48 echoes were shown to be useful for characterising MS lesions and normal-appearing white matter while assessing the pool of free intracellular and extracellular water protons. 82 Finally, multi-component T2 also has the potential to assess myelin integrity in the spinal cord.
Perfusion MRI
By use of MRI, assessment of brain tissue perfusion in vivo is now possible. Acute MS lesions are characterised by increased perfusion, whereas normal-appearing white and grey matter are characterised by reduced perfusion. [83] [84] [85] Hypoperfusion in the brain can indicate various underlying processes, such as hypometabolism, ischaemia, tissue injury, or tissue destruction. Perfusion MRI techniques use either exogenous tracers, such as gadolinium chelates (bolus tracking), or endogenous arterial water (arterial spin labelling). These techniques have the following advantages over PET and singlephoton emission CT, which were initially used to assess 
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brain perfusion: higher signal-to-noise ratio and contrastto-noise ratio, better spatial and anatomical resolution, shorter acquisition times, and the avoidance of radioactive material. 84 In addition, the sensitivity and resolution of both gadolinium bolus-tracking MRI (fi gure 6) and arterial spin labelling methods are boosted by using multi-channel receiver coils and high fi eld strength, 85, 86 thus allowing white matter and smaller regions, such as lesions, to be analysed.
Both bolus-tracking and arterial spin labelling need further development to improve quantifi cation of cerebral blood fl ow and volume. The reliability and reproducibility of absolute measures of brain perfusion in general warrant further investigation. In addition, the sensitivity and clinical relevance of perfusion MRI scans in detecting longitudinal, MS-related changes also need to be established before the technique can be used for monitoring MS evolution and treatment effi cacy in multicentre clinical studies.
Field strengths higher than 1·5 T
High-fi eld (typically 3·0 T) and ultra-high fi eld (≥7·0 T) MRI scanners have the potential to revolutionise research in MS. The data available show that magnets operating at 3·0-4·0 T detect a greater number and volume of T2 hyperintense (fi gure 7) and gadolinium-enhancing brain lesions than those operating at 1·5 T. 11, 87 In addition, their use might improve the early diagnosis of MS. 8 Both highfi eld and ultra-high fi eld MRI have particular value for the detection of cortical MS lesions, 88 and can improve 1 H-MRS, magnetisation transfer MRI, diff usion tensor MRI, perfusion imaging, fMRI, and relaxometry studies in MS. 11, 35, 79, 85, 86, 89, 90 Because of the increased magnetic fi eld gradients caused by magnetic susceptibility, use of high and ultra-high fi eld results in a new image contrast mechanism becoming apparent, which has been termed "phase susceptibility imaging". The contrast is related to blood oxygenation, vascularity, and macrophage activity, and has already shown interesting heterogeneity in what would otherwise appear as diff use MS lesions. 91 Sodium imaging represents another appealing development at high fi eld strength, 92 which might provide important information for the understanding of disease pathophysiology. Visualisation of axonal health might also be possible by use of MRI methods to monitor the sodium concentration gradient that exists across the intracellular/extracellular space in healthy axons. 92 Higher fi eld strength MRI might be important for studying iron deposition in the grey matter of patients with MS. As recently reviewed, 93 many grey-matter areas, including the thalamus, dentate nucleus, basal ganglia, and rolandic cortex, commonly show hypointensity on T2-weighted images in patients with MS. Iron deposition has been postulated to be a cause of this hypointensity, since it reduces T2 relaxation times and is found in pathological excess in the MS brain. 93 Grey-matter T2 hypointensity is related to clinical impairment in patients with MS, which shows stronger correlation at 3 T than at 1·5 T. 94, 95 Whether iron deposition contributes to neurotoxicity in grey matter or is purely an epiphenomenon remains unclear. Other methods used at 3·0 T and higher fi eld strengths, such as T2, T2*, T2´, or T2-rho relaxometry, and magnetic fi eld correlation imaging, should boost the sensitivity and specifi city in detecting iron-related neurodegeneration in grey matter, and increase our understanding of the role that iron has in the pathophysiology of MS. 96 In the context of high-fi eld imaging, it is worth remembering that magnetic resonance images have an arbitrary brightness scale and are prone to many artefacts. The challenge for MRI is in characterising and quantifying the pathological processes that occur in the degenerating brain. For this, we need more accurate and reliable image acquisition methods so that images can be converted to physically meaningful values, such as absolute T1 and T2. 11, 97 The advent of high-fi eld scanners with array receiver coils makes this even more of an imperative, because of poorer image uniformity. Consensus and standardisation of acquisition methods between scanner manufacturers would be a substantial boost for quantitative imaging.
Several additional challenges remain for use of these new technologies. 98 These include the high costs (installation and maintenance), large footprint of the hardware, challenges in gradient and radio frequency coil design, poorer fi eld homogeneity, worsening susceptibility and chemical shift artefacts, and dielectric eff ects. The full range of pulse sequences available at 1·5 T might not run well at 3·0 T and above. Patient safety and comfort issues, such as radiofrequency energy deposition, compatibility with metallic implants, and sensory symptoms experienced during scanning, must be addressed. For example, the doubling of fi eld strength from 1·5 T to 3·0 T quadruples the specifi c absorption rate, all other things being equal. This can lead to increases in scan time, the need to pause to allow cooling of the patient, and a reduction in the number of slices obtained per repetition time.
Conclusions
The extensive application of conventional and modern magnetic-resonance-based techniques to the study of MS has undoubtedly improved our ability to diagnose and monitor the disease, as well as our understanding of disease pathophysiology. Nevertheless, many challenges remain. New techniques need to be refi ned and validated before they can be properly integrated into clinical research and practice. New acquisition schemes and analysis procedures require standardisation and optimisation so that they can be used in multi-site settings, both in natural history studies and treatment trials. From the data available, it is evident that the combining of diff erent magnetic resonance methods, which are sensitive to diff erent aspects of MS pathology, Review is a promising way to increase further our understanding of the mechanisms underlying the accumulation of irreversible disability. Finally, the increasing availability of high fi eld strength MRI (≥3·0 T) presents new technical challenges that will require extensive refi nement during the next few years. One of the most important tasks for the future is to establish how these advances in MRI technology might contribute to a better correlation between clinical and MRI fi ndings, and thus provide relevant information to improve prognosis and predict therapeutic response.
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